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ABSTRACT

Alfalfa seeds inoculated with a five-strain mixture of Escherichia coli O157:H7 were immersed in water containing 4, 8,
10, and 21 ppm of ozone for 2, 4, 8. 16, 32, and 64 min at 4°C. Direct ozone sparging of seeds in water was used as an
alternative mode of ozone treatment. Ozone-sparged seeds were also subsequently exposed to heat treatment at 40, 50, and
60°C for 3 h. Populations of E. coli O157:H7 on untreated and treated seeds were determined by spread plating diluted samples
on tryptic soy agar supplemented with 50 pg/ml of nalidixic acid. Since E. coli O157:H7 was released from inoculated seeds
during treatment with ozone, the rate of release of cells from inoculated seeds soaked in 0.1% peptone water for up to 64 min
was also determined. The overall reduction of E. coli O157:H7 on seeds treated with ozonated water without continuous
sparging ranged from 0.40 to 1.75 log,, CFU/g (59.6 10 98.2%), whereas reductions for control seeds were 0.32 to 1.03 log;o
CFU/g (51.7 10 90.5%). Treatment with higher ozone concentrations enhanced inactivation, but contact time longer than 8 min
did not result in significantly higher reductions (P > 0.05). For seeds treated by ozone sparging, a 1.12-log,, CFU/g (92.1%)
reduction was achieved using a Z-min contact time, and a 2.21-log, CFU/g (99.4%) reduction was achieved with a 64-min
contact time. The corresponding reductions for control seeds were 0.71 log,, CFU/g (79.5%) and 2.21 log,, CFU/g {99.4%),
respectively. Treatment of ozone-sparged seeds at 60°C for 3 h reduced the population to an undetectable level by direct
plating (4 to 4.8 log;y CFU/g), although survivors were detected by enrichment. Ozone did not have a detrimental effect on

seed germination percentage.

Seed sprouts, a part of traditional Oriental cuisine, have
now gained popularity in many parts of the world, inchud-
ing Europe and the United States, because of their nutritive
value. There has been an increase in consumer demand for
mung bean, alfalfa, rice, wheat, and other seed sprouts that
are prepared either commercially or at home (/4). Unfor-
tunately, sprouts have recently been implicated in outbreaks
of foodborne iliness. Between 1995 and 1998, there were
nine outbreaks of Escherichia coli O157:H7 and Salmo-
nella infections associated with commercial sprouts (17).

Sprouts are produced by soaking seeds in waier, fol-
lowed by intermittent irrigation during approximately 3 to
7 days at 20 to 25°C, with the growth period being depen-
dent on the sprout type. They are commonly consumed raw
or slightly cooked, e.g., in soups or mixed with other veg-
etables. These conditions increase potential health hazards
associated with sprout consumption (17, 15). Pathogens in-
volved in multiple international outbreaks linked to raw
sprouts include E. coli O157:H7, various serotypes of Sal-
monetla, and Bacillus cereus {7, 11, 18). Seeds are the like-
ly source of contamination in most of the outbreaks, al-
though contamination may also result from using contam-
inated water during sprout production or by mishandling

* Author for correspondence. Tel: 814-863-1098; Fax: 814-863-1031:
E-mail: demirci@psu.edu.

during harvesting, packaging, or distribution or in the
home.

Researchers have investigated chemical and heat treat-
ments to reduce or eliminate pathogens inoculated onto
seeds and sprouts. However, no single treatment has been
found to completely eliminate pathogens under experimen-
tal conditions (/]). Hydrogen peroxide, sodium hypochio-
rite, calcium hypochlorite, ethanol, and organic acids have
been tested for effectiveness in killing pathogens on seeds
and sprouts (2, /0). Taormina and Beuchat (16, 17}, in stud-
ies of the efficacy of various chemical treatments in killing
E. coli O157:H7, reported that none of the chemical treat-
ments evaluated satisfactorily reduced populations of E.
coli O157:H7 on alfalfa seeds and sprouts. They concluded
that recommended procedures for sanitizing alfalfa seeds
fail to eliminate the pathogen. Treatment of alfalfa sprouts
with antimicrobials was reported to be ineffective in elim-
inating Salmonella and Vibrio cholerae on alfalfa sprouts
(14). Although good manufacturing practices and hazard
analysis and critical control peint approaches can reduce
the risk of contamination, there is still a need to develop
highly effective methods to prevent sprout-associated in-
fections.

Ozone has certain characteristics that make it attrac-
tive for use as a sanitizer in food processing. It is a strong
antimicrobial agent with high reactivity and penetrability
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and spontaneously decomposes to a nontoxic product (ox-
ygen). Ozone has been used with varied success to nac-
tivate microorganisms on meat, poultry, eggs, fish. fruits,
vegetables, and dry fruits (9). Ozonation is preferred as a
treatment to sanitize public water supplies in Europe. Ap-
plication of ozone in the food industry in the United States
has been limited, although its use has been approved by
an expert panel as generally recognized as safe (5, 13).
On 26 June 2001, the Food and Drug Administration ap-
proved safe use of ozone in gaseous and aqueous phases
as an antimicrobial agent for treatment, storage, and pro-
cessing of foods (3), which will increase ozone utilization
in the food industry.

Ozonation involves onsite production of low concen-
trations of ozone gas from ambient air by means of an
ozone generator. Ozone gas is injected immediately into a
water or gas stream, where it dissolves and/or mixes to
achieve its desired antimicrobial effect (12). Ozone decays
quickly in water, so its use as a sanitizer can be considered
as a process rather than a food additive, with no safety
concerns about consumption of residual ozone in treated
foods. However, to effectively use ozone to decontaminate
food products such as seed sprouts, it is necessary to prop-
erly define the mode of introduction of ozone to treatment
water, optimum ozone concentration (ppm), contact time,
and other treatment conditions, It is for this reason that the
present study was undertaken to compare the effects of
treatment of alfalfa seeds with ozonated water, followed by
heat treatment, on inactivation of E. coli O157:H7 on al-
falfa seeds, The effect of ozone on seed viability was also
investigated to determine commercial applicability of ozone
as a disinfectant in the sprout industry.

MATERIALS AND METHODS

Preparation of E. coli 0157:H7 inoculum. Five strains of
enterohemorrhagic E. coli O157:H7 resistant to nalidixic acid
were obtained from the Center for Food Safety, University of
Georgia. The strains were 932 (human isolate), 994 (salami iso-
late), EOO18 (calf fecal isolate}, H1730 (human isolate from out-
break associated with lettuce), and F4546 (human isolate from an
outbreak associated with alfalfa sprouts). Cells were grown in
tryptic soy broth (Difco Laboratories. Detroit. Mich.) supple-
mented with 50 pg/ml of nalidixic acid and (.1% dextrose
(TSBN} at 37°C for 18 h. The use of nalidixic acid minimized
growth of microorganisms other than E. coli O157:H7 in enu-
meration media. A mixture of the five E. coli O157:H7 strains
was prepared by combining 100 ml of each 18-h culture and cen-
wrifuging (Sorvall STH750, Kendro Lab Product, Newtown,
Conn.) at 4°C and 3,300 X g for 15 min. The supernatant was
decanted and the peliet was resuspended in 300 mt of sterile 0.1%
peptone water before centrifuging again at 3,300 X g for 15 min
at 4°C. The pellet was then resuspended in 1 liter of sterile 0.1%
peptone water.

Contamination of alfalfa seeds, Alfalfa seeds (lotno. TY12)
were obtained from International Specialty Supply (Cookeville,
Tenn.). One kilogram of alfaifa seeds was soaked in the five-strain
suspension of E. coli 0157:H7 (~10% CFU/ml) for 1 min with
gentle agitation. After the inoculum was decanted, seeds were
placed on a sterile perforated tray lined with four lavers of cheese-
cloth and dried in a laminar flow hood at room temperature (21

+ 1°C) for 24 h. Dried seeds with approximately 10° CFU/g of
E. coli Q157:H7 were sealed in plastic Ziploc bags and stored at
4°C until used within 1 week.

Preparation of ozonated water. Ozone gas (0.34 m3Mh} was
generated using a lab-scale ozone generator (model no. H-50,
Hess Machines International, Ephrata, Pa.) equipped with an ox-
ygen concentrator. Two liters of sterile, deionized water at 4°C in
a 2-liter Erlenmeyer Rask fitted with a silicon stopper, inlet, and
exit lines was sparged with ozone through a 10-pm stainless steel
sparger for 1 h to attain 21 ppm of aqueous ozone. Excess ozone
was passed through 2% potassium iodide solution to prevent
ozone from being released into the environment. The sparging
process was performed in a fume hood for safety purposes. Also,
the temperature of water during ozonation was maintained at 4°C,
since the solubility of ozone is higher at lower temperatures. The
ozonated water so prepared was then diluted with sterile deionized
water to obtain the desired concentration for treatments.

The concentration of ozone in the water was determined by
direct measurement of UV absorption at 258 nm {{, 4, 6). The
formula used is given in equation 1.

c=A X ble (N

where ¢ is the concentration of ozone in water (ppm. mgfliter); A
is the absorbance value at UV 258 nm; b is the length of path of
light, which is equal to the width of quartz cuvet (cm); and € is
the molar absorptivity, which is equal 10 2,900 M~ cm™.

Substituting values and conversion factors (48,000) balances
the units to yield equation 2.

A X 1 X 48000

3900 ppm (2)

<

Treatment of alfalfa seeds. The mode of introduction of
ozone, ozone avatlability, and reaction time can influence the rate
of cell inactivation. Two different methods for treating seeds with
ozonated water, coupled with combinations of ozone concentration
and exposure time, were evaluated for effectiveness in killing E.
coli O157:HT.

Twenty-five grams of contaminated alfalfa seeds was soaked
in 1 liter of ozonated water with continuous agitation using a
motorized stirrer rod at a speed setting of 2 (model no. 4554-00,
Cole Parmer Inst. Co., Bamrington, I1L.). To investigate the effect
of ozone concentration on lethality to E. coli O157:H7, water
initially containing 4, 8, 10, and 21 ppm of ozone was used. These
concentrations enabled a study of the effects of a range of ozone
concentrations that could be produced with the lab-scale ozone
generator. Alfalfa seeds were soaked in the ozonated water at cach
concentration for 2, 4. 8, 16, 32, and 64 min to determine the
combination of concentration and reaction time that resulted in
the highest reduction in number of £. coli O157:H7. Each exper-
iment was replicated three times.

Continuous sparging of water in which alfalfa seeds inocu-
lated with E. coli O157:H7 were immersed was also evaluated as
a treatment to kill the pathogen. Ozone gas was directly sparged
into 1 Titer of sterile deionized water containing 25 g of inoculated
seeds. Reduction in population of E. coli O157:H7 was deter-
mined for sparging times of 2, 4, 8, 16, 32, and 64 min. Seeds
exposed 10 continuous sparging treatments were subsequently held
in an incubator at 40, 50, or 60°C for 3 h to determine if a syn-
ergistic or additive effect occurred as a result of sequential treat-
ments. Each experiment was replicated three times.

Microbioloegical analysis. To determine the initial population
of E. coli O157:H7 on seeds before treatment with ozone, 10 g
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of contaminated seeds was placed in 40 ml of sterile 0.1% peptone
water in a stomacher 400 bag for 2. 4, 8, 16, 32, and 64 min.
Seeds were pummeled for 30 s. The wash solution was serially
diluted in sterile 0.1% peptone and surface plated (0.1 ml) in
duplicate on tryptic soy agar supplemented with 50 pg/ml of na-
lidixic acid (TSAN; Difco). After incubating at 37°C for 24 h,
presumptive E. coli O157:H7 colonies were enumerated.

Populations of E. coli 0157:H7 on ozone-treated seeds were
determined by placing the treated seeds (25 g) in 100 ml of sterile
0.1% peptone water followed by pummeling in a stomacher for
30 s, serially diluting in 0.1% peptone, and surface plating on
TSAN. Colonies formed on plates inoculated with peptone wash
samples from both untreated and treated seeds were randomly
picked and subjected to E. coli O157 latex agglutination test (Ox-
oid) to confirm identity. Enrichment was performed by adding 100
mi of TSBN to the seed sample and incubating at 37°C for 48 h.
The enriched cultures from samples in which no E. coli O157:H7
was detected were streaked on TSAN and incubated at 37°C for
24 h. Plates were examined for presumptive E. coli O157:H7 col-
onies, which were confirmed using 0157 latex agglutination tests.

_For each of the treatments in which ozone was not continu-
ously sparged, sterile deionized water was included as a control
treatment using the same temperature, time, and agitation condi-
tions. The control for continuous sparging of ozone consisted of
placing inoculated seeds in sterile deionized water at 4°C for the
same exposure times as those used for seeds not subjected to
continuous sparging.

Effect of ozone treatment on viability of alfalfa seeds. Al-
falfa seeds treated with ozone and water were tested for viability,
i.e., percentage capable of germination. Approximately 100 seeds
were placed between two moistened filter paper discs in a petri
dish. Water was applied by spraying from time to time during a
48-h period at 30°C to provide sufficient moisture for viable seeds
to germinate. Seeds were visually examined after 48 h, and the
percentage of germination was calculated.

Statistical analysis. All treatments were replicated three
times. The resuits were analyzed using MINITAB (Minitab Inc.,
State College. Pa.) for analysis of variance and determining sig-
nificant and nonsignificant differences in percent reduction in pop-
ulation of E. coli O157:H7 on alfalfa seeds subjected to each
treatment. A 95% confidence level was used.

RESULTS AND DISCUSSION

Ozone treatment without continuous sparging.
Treatment of inoculated alfalfa seeds with water containing
initial concentrations of 4, 8, 10, and 21 ppm of ozone for
up to 64 min resulted in reductions in population ranging
from 0.40 to 1.75 log,, CFU/g (59.6 to 98.2%) (Table 1).
The initial population was 4 to 5 log,, CFU/g. Longer con-
tact time caused more E. coli O157:H7 to be released from
the seeds and thus gave higher initial counts compared with
shorter contact times. It was expected that moderate agita-
tion during treatment would enhance release of E. coli
O157:H7 from seeds and subsequent inactivation. However,
this procedure reduced the stability of ozone and led to its
rapid dissipation to oxygen, thereby reducing lethality to
test cells.

The control treatment (0 ppm of ozone) resulted in a
0.32-log;y CFU/g (51.7%) reduction in population of E.
coli O157:H7 within 2 min. Analysis of variance using a
general linear model involving two-way interaction terms

OZONE TREATMENT OF ALFALFA SEEDS

TABLE 1. Reduction in populations of E. coli O157:H7 on al-
Jalfa seeds treated with water containing initial ozone concentra-
tions of 0 10 21 ppm for up to 64 min®

Contact Population reduction (log,, CFU/g)
tume
(min) 0 ppm 4 ppm 8 ppm 10 ppm 21 ppm
2 B032B B040B B062A A090A AQ078 A
4 B032B BO05lA BO61A A082A A099a
8 A072A A089A B091 A AO087A A1.00A
16 A098A A096A A101A A090A A094 A
32 A094 A AlLO4AA ALISA Al33a AL75A
64 Al03A Al147A Al40Aa A136A A 1494

¢ Within the same row, values not followed by the same letter are
significantly different (P < 0.05). Within the same column, val-
ues not preceded by the same letter are significantly different (P
= 0.05).

(P = 0.05) showed that this reduction was significantly
lower than reductions achieved using contact times of 8 to
64 min in ozonated water. This value, however, was not
significantly different than that of a control treatment of 4
min and ozone treatment of 2 min at 4 ppm, which showed
reductions in E. coli O157:H7.

The reductions in population of E. coli O157:H7 on
alfalfa seeds treated for 2 min in water initially containing
10 and 21 ppm of ozone were 0.90 log,, CFU/g (86.8%)
and 0.78 log,, CFU/g (82.5%), respectively. These reduc-
tions were not significantly different from treatments con-
taining the same initial concentrations of ozone for up to
64 min. A general observation for the 2- and 4-min treat-
ments was that as the concentration of ozone increased,
differences in percentage of cells inactivated were increas-
ingly statistically insignificant,

Regardless of the concentration of ozone in ozonated
water, the reductions in population of E. coli O157:H7 were
not significantly different when treatment was applied for
8, 16, 32, or 64 min. This may have occurred as a result
of a rapid decrease in ozone concentration on contact with
the alfalfa seeds. A system to maintain a constant level of
ozone in treatment water was therefore evaluated. The con-
centration of ozone in the water after treatment was not
determined because of biosafety concerns and turbidity
caused by release of insoluble seed components.

The percentage of germination of seeds treated in water
initially containing O to 21 ppm of ozone is shown in Table
2. The percentage of germination of seeds treated in water
(control) ranged from 86.2 to 95.7%, whereas germination
percentage of seeds treated with ozone was between 74.7
and 95.7%. With the exception of seeds treated for 64 min
in water containing 21 ppm of ozone, within ozone con-
centration, the treatment time did not have a significant ef-
fect on germination percentage. Low germination at the
highest time-concentration combination may be caused by
a higher aqueous ozone concentration remaining in contact
with the seeds for a longer time, thereby allowing greater
penetration into the cotyledons and hypocotyls. Although
the exact mechanism of ozone penetration and its action on
the seed interior are not known, the highly oxidative ozone
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TABLE 2. Percentage of germination of alfalfa seeds following
treatment with water containing initial ozone concentrations of 0
to 21 ppm for up to 64 min®

TABLE 3. Reduction in populations of E. coli O157:H7 on al-
falfa seeds and percentage of germination of seeds treated by
continuous sparging of ozone for up to 64 min¢

Contact Percentage of germination
time
(min) 0 ppm 4 ppm 8 ppm 10 ppm 21 ppm
2 A949 A A945A A954A A930a A 957 A
4 A8.2A A909A AB25A A90.8A ABI91.7 A
8 A914A A956A A93.1A A921A AB8B2A
16 A95.7A A902A A925A A9144a AB 800 A
32 A91.1A A913A A942A A90A AB909 A
64 A903A A895A A879A A860A B 747 A

4 Within the same row, values not followed by the same letter are
significantly different (P = 0.05). Within the same column, val-
ues not preceded by the same letter are significantly different (P
= 0.05).

may disrupt some essential germination mechanisms. Over-
all, the average percentage of germination of control seeds
and seeds exposed to the four initial ozone concentrations
(4, 8, 10, and 21 ppm) ranged from 86.9 to 92.0%. Since
germination percentage of seeds treated with ozone was not
substantially different than that of the control seeds, it is
concluded that ozonated water did not have a detrimental
effect on seed viability.

Continuous sparging treatment. Seceds were treated
by continuous ozone sparging for the same contact times
used in experiments in which ozone was not replenished
during treatments. Table 3 lists the reductions in popula-
tions of E. coli O157:H7 on alfalfa seeds treated in water
continuously sparged with ozone. Even at shorter contact
times, reductions in population of E. coli O157:H7 on al-
falfa seeds were higher than respective reductions on seeds
treated in water that was not continuously sparged. This
could be attributed to the continuous supply of ozone and
simultaneous agitation caused by movement of ozone gas
in the water. The lowest reduction in population was 1.12
log,o CFU/g (92.1%) on seeds treated for 2 min and the
highest reduction was 2.21 log;o CFU/g (99.4%) on seeds
treated for 64 min. The 2-min control treatment gave a re-
duction of 0.71 log;q CFU/g (79.5%), which was signifi-
cantly less (P = 0.05) than reductions that resulted from
all the other control and ozone treatments. Other water or
ozone treatment times did not result in reductions in pop-
ulation of E. coli O157:H7 that differed significantly from
each other.

There was no significant difference (P > 0.05) in per-
centage of germination of control or treated seeds, regard-
less of time of contact with water or ozonated water. The
germination percentages of control and treated seeds were
94.4 to 96.5% and 85.3 to 93.2%, respectively.

Effect of ozone sparging followed by heat treatment.
Since ozone sparging did not eliminate E. coli O157:H7 on
alfalfa seeds, sparging followed by heat was tested as a
multihurdle approach. Figure 1 shows the reduction in E.
coli O157:H7 on alfalfa seeds subjected to continuous
ozone sparging followed with heat treatment. Water (con-

Population

reduction Percentage of
Contact (log,o CFU/g) Reductions germination
time (logyg
(min Control ~ Sparging CFU/g)’ Control  Sparging

A958A A913 A
A950A AB853B
A944A A932A
A955A A8990 A
A95A A8788B
A957A A902A

2 B0.71B Allla 0.40
4 Al123A A127 A 0.04
8 Al127A Al33A 0.06
16 Ald43 A A138A —-005
32 Al63a Al84Aa 0.21
64 A221A A221A 0.00

¢ Within population or percentage of germination, values in the
same row not followed by the same letter are significantly dif-
ferent (P < 0.05). Within the same column, values not preceded
by the same letter are significantly different (P < 0.05).

b Reductions compared with control ([log,g CFU/glsparging —
[10810 CFU/g]comrol)'

trol) and ozone sparging treatment followed by heating at
60°C for 3 h resulted in the highest reductions in population
of E. coli O157:H7. No colonies were formed on TSAN,
indicating less than 40 CFU/g of seeds. A 48-h enrichment
of 25 g of treated seeds in 100 ml of TSBN, however,
revealed the presence of E. coli O157:H7 on treated seeds.
The average reductions in number of E. coli 0157:H7
on ozone-treated seeds subsequently heated at 40 and 50°C
were 0.19 to 2.53 log;q CFU/g (35.0 to 99.7%) and 0.46
to 3.58 log,y CFU/g (65.2 to 99.9%), respectively. These
temperatures were not as lethal as treatment at 60°C.
Analysis of variance showed that there were no signif-

BMOS+heat(40°)  BW-+heat(40°) BOS+heat(50°)
BW+heal(50°) @OS+heat(60°)  EBW-+heat(60°)

W+heat(60°)
OS+heat(60°)

Reduction in population {log,q CFU/g))

A W+heat(50°)
%, OS+heat(50°)
2 Weheat(40°) ¢
2

OS+heat(40°) Y

8
Treatment time {min)

2 4

FIGURE 1. Reduction in population of E. coli 0157:H7 on alfalfa
seeds subjected to continuous ozone sparging (OS) and deionized
water (W) for up to 64 min followed by treatment ar 40, 50, or
60°C for 3 h.
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FIGURE 2. Percemtage of germination of alfalfa seeds after ex-
posure to continuous ozone sparging (OS) and deionized water
(W} for up to 64 min followed by treatment ar 40, 50, or 60°C
for 3 h.

icant differences in percentage of germination of seeds
sparged with ozone for the various contact times (Fig. 2).
Treatment temperature did not significantly affect the ger-
mination percentage of ozone-treated and untreated seeds.
This indicates that ozone, coupled with heat, did not kill
the alfalfa seeds,

Overall, regardless of the mode of introduction of
ozone to treatment solution, elimination of viable E. coli
0157:H7 on alfalfa seeds was not achieved. Higher ozone
concentrations and temperatures were more effective in re-
ducing populations of E. coli O157:H7 on seeds; however,
an increase in contact time of ozone with seeds did not
necessarily give a greater reduction.

Susceptibility of microorganisms to ozone varies with
the physiological state of cells, pH of the medium, temper-
ature, humidity, and presence of other chemicals such as
acids, surfactants, and sugars. Relatively low concentrations
of ozone and short contact times are sufficient to inactivate
cells in pure suspensions of bacteria, molds, yeasts, para-
sites, and viruses {9). However, the presence of organic
matter in foods rapidly reduces the ozone concentration of
treatment solution, thereby diminishing antimicrobial effec-
tiveness. Additionally, food may limit the accessibility of
ozone to cells lodged in cracks, crevices, and damaged area
on seeds, thereby affecting inactivation kinetics (8).

Ozone is a strong biocidal agent, although this study
reveals that its effectiveness in killing E. coli O157:H7 on
alfalfa seeds is less than satisfactory. There is, however, a
need to more thoroughly investigate ozone as a sanitizer for

QOZONE TREATMENT OF ALFALFA SEEDS

alfalfa seeds and sprouts since its potential lethality to food-
borne pathogens was not fully evaluated in this study.
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